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A first-order reduced model for a highly oscillating differential
equation with application in Penning traps

Sever A. Hirstoaga

December 18, 2023

Abstract

We derive a reduced first-order model from a two-scale asymptotic expansion in a
small parameter, in order to approximate the solution of a stiff differential equation. The
problem of interest is a multi-scale Newton-Lorentz equation modeling the dynamics of
a charged particle under the influence of a linear electric field and of a perturbed strong
magnetic field. First, we show that in short times, the first-order model provides a
much better approximation than the zero-order one, since it contains terms evolving
at slow time scales. Then, thanks to the source-free property of the equations, we
propose a volume-preserving method using a particular splitting technique to solve
numerically the first-order model. Finally, it turns out that the first-order model does
not systematically provide a satisfactory approximation in long times. To overcome this
issue, we implement a recent strategy based on the Parareal algorithm, in which the
first-order approximation is used for the coarse solver. This approach allows to perform
efficient and accurate long-time simulations for any small parameter. Numerical results
for two realistic Penning traps are provided to support these statements.

Keywords: multi-scale model, Newton-Lorentz equation, first-order approximation,
volume-preserving integrator, Parareal algorithm, speedup
1 Introduction

The starting point of the present contribution is an efficient solving of the following six
dimensional dynamical system for 0 < ¢ < 1

dxg — VE, XE(S) = X7
ddt 1 (1)
G v (CBoBlx)) +BG). (o) =

where By is a constant magnetic field Bg = e_;;, where {e_x>, @, e_g} is the canonical frame of
R? and (E,B) : R? — R is a given electro-magnetic field. The vector (x,v) is the initial
condition given at the initial time ¢ = s. The system in models the dynamics of a
charged particle in a given electro-magnetic field with perturbations on the magnetic part.
We fix to 1 both the charge and the mass of the particle. In this context, x. : R — R3
stands for the position unknown and v. : R — R3 for the velocity unknown. The parameter



1/e in front of the By term means that the constant magnetic field is assumed high with
respect to the other terms.

In general, the numerical solving of the stiff system is challenging, since any explicit
method needs to solve the smallest time scale, of order €, which can become computationally
very demanding (see for instance [7, 3, [I7, 10, 9] 14] dealing with similar problems).

In addition, the present work is motivated by a specific application: when the electric field
is given byE|

E(x)=c| x,/2 |, 2)
X, /2

with an arbitrary constant ¢ > 0, the system describes the dynamics of a charged particle
in an ideal Penning trap. This is a device for storing charged particles by means of a strong
homogeneous magnetic field (the Bg/e term in ) and an inhomogeneous quadrupole
electric field [8, [15] [16]. More precisely, the large magnetic field confines a particle radially
while the electric field prevents it to go indefinitely and thus providing an axial confinement.
However, in a real Penning trap, the magnetic field involves imperfections [I5 [16] and
therefore, a perturbation term (the role of B in ) has to be added in the equation of
motion. In this case, a particle experiences in the axial direction two forces: the one which
is due to the electric field and the one due to the B term. As in [7], in this work, we consider
two cases of an inhomogeneous perturbation of the magnetic field: first,

2 xfj + xz
T
_ 2
Beo=k| 2| (3)
—X X,

corresponding to a magnetic bottle, and second,

X, — Xy
Bx)=FkF| x.—%x; |, (4)
Xy + Xy

corresponding to an asymmetric magnetic field, where k£ > 0 is a fixed constant.

In this challenging context, we first derive reduced models approximating the equation
when ¢ vanishes, on the basis of a two-scale asymptotic expansion [2]. Both zero-order and
first-order in € approximations are obtained wvia this procedure. The advantage of reduced
models is, from the numerical point of view, their low computational cost since the time
step can be choosen independent of €. Next, we show that the first-order model is much
more accurate than the zero-order model, when approximating the initial stiff equation .
Specifically, recall that a particle in an electromagnetic field like — or — evolves
at three time scales [§]: a rapid one corresponding to a rotation around the magnetic field
line By, a slower one associated to a bounce motion parallel to Bg, and a much slower scale

'Hereafter, we denote the coordinates of a vector x € R® in the canonical basis by (Xz, Xy, Xz).



corresponding to the electric drift across the field line Bg. In this context, we obtain that
(i) both reduced models average the fastest rotation motion, (ii) the first-order model is
more accurate than the zero-order one in the approximation of the bounce motion, and (i)
the electric drift is completely missed by the zero-order model, unlike the first-order one.

Secondly, we propose a volume-preserving method for the numerical solving of the reduced
models. This is a natural choice for achieving at the discrete level the conservation of the
invariants of the system [4} [1, [7, [6]. In addition, we develop a specific splitting technique, by
which the total evolution vector field of the differential equation is decomposed in several
components, each of which is simpler to solve than the initial system. This approach allows
us to perform simulations of realistic Penning traps which are accurate in short times.
However, as theoretically expected, the reduced model’s performance degrades when the
final time increases. In order to deal with this issue, we propose to implement a strategy
based on the Parareal algorithm [I1], that we recently developed in a similar context, in [3].
The strategy is based on using a reduced model to define the coarse solver, since such a model
has a low computational cost when compared to the full problem. In addition, we highlight
that the Parareal algorithm allows to successfully perform accurate and efficient simulations
in long times with the help of the first-order model. If the zero-order approximation is used
in the Parareal approach, the efficiency is lost in long runs, since this model is inaccurate
in large times. The idea of using a reduced model as coarse solver in the Parareal approach
goes back at least to [I12]. We also mention the works in [9] 5, [14] that have implemented
this method for solving similar singularly perturbed ODEs by using only limit (zero-order)
models for the coarse solving. These models were obtained either by classic averaging or by
projection onto a slow manifold.

The remainder of the paper is organized as follows. We derive the first-order model in
Section[2] The discretization method is presented in Section [3]and the numerical results with
the application in Penning traps are developed in Section 4l We first assess in Section [4.1
the accuracy of the reduced models and we measure the savings that these models bring in
calculation time. Then, in Section [4.2] we investigate the efficiency of the Parareal algorithm
in terms of ideal speedup.

Notation. Throughout the paper, I35 denotes the 3 x 3 identity matrix, O3 the 3 x 3 zero
matrix, and O, is the zero vector of R™. For any vector v = (v, v,,Vv.) € R3 we denote
its perpendicular part by v, = (vy,v.). We consider also the matrices defined for any
6 € [0,27] by

1 0 0 0 0 0
R@)=1 0 cosf sinf and R(@O)=| 0 sinf 1—cosfh |. (5)
0 —sinf cos6 0 cosf—1 sin 6



2 Derivation of the first-order reduced model

2.1 The general framework of a singularly perturbed dynamical system

In this section we introduce the general singularly perturbed dynamical system, which is a
particular case of the system considered in [2],

dj% —a(x) + %b(IE), Xo(s) = X, (6)

where X. : R — R®, a and b are given fields satisfying suitable assumptions, and X € RS is
the initial condition given at the initial time s. The framework of the two-scale asymptotic
expansions can be utilized in this context to approximate the solution X.(t) when ¢ — 0.
More precisely, under regularity assumptions on a and b and the assumption that the
solution Z(#,z) to equation

az _
do
is 27-periodic for every z € R®, it is proved in [2] that X. admits the following two-scale

b(Z), Z(0,z) =z (7)

expansion in time
t— t— t—
xe(t):xo(t,TS>+€xl<t,?s)+€2I2<t,Ts)+ (8)

when ¢ — 0 and where the functions X¢(t, ) are periodic in 6 for every i € N. Such an
expansion may be rigourously developed up to any order if enough regularity is imposed on
the fields. More precisely, for a given integer m > 1, the existence of continuous and bounded
derivatives of the fields (a, b) up to the orders (m, m+1) allows justifying the approximation
given by the first m terms in the expansion in . In this setting, ordinary differential
equations characterizing the terms of the expansion are derived in [2, Theorems 1.1-1.3].
In addition, strong convergence theorems are proved, justifying the approximation results
asserting that, e.g., at the first order,

t—s t—s

Is(t)%l'()(t, >+Exl<t, ), when € — 0.

Next, we detail these ideas by stating the formulas of the zero and the first order approxi-
mations and the convergence results, in the case of equation @ Using the same notation
as in [2], we define for any (X, X% X1) € (R®)? and any @ € [0, 27] the following fields

a’(0,X) == {VxZ(0,X)} "a(Z(9, X)),

21
a0(X) : 1/ (0, )db,
0

- 1 0 1 2
A%, ) = 9/ ao(a,x)dUQ/ (o, X)do,
0 T Jo

(9)
al(o,x°,xt) = {VIZ(H,IO)}_I{Va(Z(G,IO))VIZ(G,IO){Il + e&o(e,xo)}}
— 9V A%(9, X {a%(X ")},
al(x% .t = 1/27r ale,x% xt)de
’ o 0 ’ ’ '



In this setting, the first two terms in the expansion are given by
X0(t,0) = Z(6,Y°(t)), (10)
X1(8,60) = Ve Z(0, Y°){Y' (1) + 6A°(6, V(1) }. (11)

where the slow (i.e. independent of ) quantities Y°(t) and Y'(¢) are solutions of the
equations

0
0, v =, (12)
and .
L2y, v =0, (13)

respectively. More precisely, by [2, Theorems 1.1-1.3], for any X' € R®, s €¢ R, T € R and
any € > 0, the solution X.(-) of @ exists on [s,s + T, is unique, and is approximate by

X0 given in —, in the sense of

t—s
lim sup ’I‘s(t) —x° (t, ) ’ =0,
e—0 te([s,s+T) €

where | - | is the Euclidean norm on RS. In addition, if we consider X! given by 7,
we have the following first-order approximation

(-1 ) - ()

2.2 The case of Newton-Lorentz equation

lim sup =0.

e—=0 te(s,s+T]

The system of equations in is of the form of (6]) by taking the variable X. = (x., V) €
(R?)? and the fields a and b by

v 0
alx,v) = ( E(x) + v x B(x) >’ b(v) = ( v x By ) (14)
In this case, the asymptotic expansion in writes
of, t—s 1/, t—s
x:(t) =x (t,—) +ex ( ,—) +...
€ €
t—s t—s
ve(t) = Vo(t, —) —|—5v1<t, —) +....
€ €
Note that in all the applications discussed in [2, Section 3| the term v x B(x) in the

definition of a in is equal to zero. Therefore, the reduced models previously obtained
do not account for this term.

(15)

In this work we consider a non-zero B(x) term motivated by the applications to the real
Penning traps, see —. Thus, in a first stage, the aim is to derive the reduced models
of order one from the general formulas in [2, Section 1].

The main theoretical result of this paper is the following.



Theorem 2.1. IfE and B are in CZ(R3), the first two terms of the expansion of the
solution (x-(t), v(t)) to are given for all t > s and for all 6 € [0,27] by

< jgg Zi ) - ( R(g; I:O(t) ) (16)

where (y¥,u®) is solution to the initial-value problem

0 0
dyO B u, du® B E, (y ) 00 0
o(0) F-0) (o) o

y'(s) =x, u’(s) = v,

and where (y',u') is solution to the initial-value problem

(ayt (W 0 uBy (y") + w:B.(y")
T ( 0 ) + ( E.(y") ) + ( u, B, (y%) + u)B,(y) )
0 _Ey(yo) ung(yo) + ugBZ(yO)
0 0
y

dul VEx(yO) -y!
ﬁ = 0 + BﬂU( O)ui + ug VBZ’(yO) : yl + fT(yoa u0)7
0 -B.(y" u; —ug VB, (y°) - y!

(19)
where I is given by
B, (y")Ey(y") + B.(y°)E(y")
Ty u’) = Te(y°, u’) + T (y", u’) + | Ba(y*)Ey(y°) + By(y*)Ez(y%) |.  (20)
Bx(yo)EZ(yo) + BZ(YO)EI(YO)



and where the electric and magnetic terms, Jg and Ty, are respectively given by

ul9,E,(y°) — u)0.E.(y°) 0
7é’(}’o7‘10) = ug(?gEZ(:z’o())) 7(8 E,(y )+ 8zEZ(y0)) *ug
—ug iL“Ey y

N —

0
+%(8zEy(y0) - 9,E.(y")) ( u‘é ) ,

Ima(y’,u’) = Bu(y")B.(y")u) — Bu(y")B,(y")ul
)

Tmy(y",u”) = —Ba(y’)B:(y")u; + %ug (By(yo)2 +B:(y")?) + (u2)?9,Ba(y")

ffmz(yoa uO) = Bm(yO)By(yO)ug —-u) (By(y0)2 + BZ(YO)Q) + (ug)Qasz(yo)
1
+(ug)20mBz(y0) - ugu(z)ayBx(yO) - §(ayBy(yO) + OZBZ(yO))ugug
1
+§ (8sz(y0) - 8sz(y0))ugu2

Proof: First, we specify the expressions of the fields in @ in the particular case of a and b
given by . Thus, the solution to the rapid rotation given by is the function

Z(0,%,v) = ( R(’;)V ) : (21)

which is 27-periodic in . In addition, we have for all (x,v),

I3 O -1
V(X,V)Z(e,x,v):<03; R@) and  {VnZ(0,x,v)} = Vixy)Z(-0,x,v).

Then, we can easily compute

a’(0,x,v) = {V(XN)Z(H,X,v)}_la(Z(H,x,v)) = < R(—0)E(x) f(f): R(~0)B(x) ) ,

_ 1 27r~ v
al(x,v) = 2W/O a’(0,x,v)do = ( B(x), +VHX B(x), > : (22)

where v stands for v|| = (v - ez)es = (v, 0,0)7, and thus

eio(a,x,v):(/ da/%do> (0,%,V)

( —R(-0)E(x )+v X (—m(_e)B(x)) ) (23)



Therefore, at this stage, we can already obtain the equations and from and
(12), respectively. Then, starting from we can derive the formula of the first order
term (x!, v!) by using the fact that R(0)( — R(—0)) = R(#). We are left with deriving the
equations in and from the general equations and @D

The remainder of the proof consists of two steps: first, we make the field &' in @ explicit
in our case and second, we average in @ the result in order to obtain the field a'. Thus, we
start by developing &' in the case of the fields given in . We compute the jacobian of a

_ O3 I3
Valx,v) = ( VE(x) + Vx(v x B(x)) Mg(x) ) ’
where VE(x) is the jacobian matrix of the field E and where the matrix Mp(x) is defined
by
0 B.(x) —-By(x)
Mp(x)=| —-B.(x) 0 B.(x) |,
By(x) —B.(x) 0

whose utility is in the rewriting of the term v x B as the matrix-vector product Mpv.
Therefore, from the computations above, we have

Va(Z(0, %", v0))V (1) Z(0, x°, V) { (x1, v))T + 0A(9,x%,v") }

_ 05 I xt + R(O)V°
- (VE(XO) + Vx (R(O)v? x B(x?)) MB(XO)) R(6) (v1 — R(=OEX") + v x (- fR(—G)B(XO))>

and thus, the first term of &', denoted by T = (T}, T1), is obtained by applying

X))V

(Vi) Z(8,x%,v0)} ™" to the previous expression:
T = (V) 206, x°,v")) " Ta(Z(0, %0, v) ¥ ey 20, 50, v { (!, 1) +0A°(0, %0, v } ],
and we compute
T1 = R(6) (vl — R(—=O)EX") +v0 x (- m(—e)B(XO)))
and
! :<R(—0)VE(XO) + R(=0) Vs (RO x B(XO))) [x! + R(0)v]
+ R(—0) Mg (x")R(0) (vl — R(-O)EX") +v0 x (- ge(—e)B(xo))).
By using
RO)(—R(—0)) = R(0) and R(0)(uxv)=R(O)ux R(O)v, Yu,v € R (24)
and the fact that Mp(x)v = v x B(x) for any v € R3, the term T takes the following form
T =R(O)v' + R(O)E(x") + R(O)v® x R(A)B(x"), (25)
7l :(R(—G)VE(XO) + R(—0)Vy (R(OWV° x B(XO))) [x' + R(0)V]

+ (vl ~ R(—O)EX") +v0 x (- m(—e)B(xo))) x (R(-@)B(XO)). (26)



We pursue now with the computation of the second term, 72, in the formula of &'. Thus,
by deriving in (x,v) in (23]) we obtain

Veew (0;&0)(9,x0,v0) _ < O3 R(0) )

“R(—0)VE(x) + Vi (vo x (- m(—e)B(XO))) M_g (o5 (x°)
and then, by (22), we compute T2 := —V, ,)(#A°)(8,x°,v*){a’(x", v*)} as follows
T; = — ROEX)) — R(O) (v x B(x"))) = —R(0)(v* x B(x"))),
T2 = R(—9) VE(x")vO| — Vy (VO x (- m(—e)B(XO)))v‘)”
— (BE") + v x B(x%))) x (- R(—0)B(x")). (27)

Hence, &' is obtained as a! = T + T2. Before concluding with this formula we note that
both T} and T have a term of the type V(v x B(x))u. Thus, using the fact that for any
vectors u and v and any field B = B(x) we have

oB

Vx(v % B(x))u =v X (u-Vx)B(x), where (u-Vx)B := Zu@' ox;’

we can write the final form of &' as follows:
ay (0,x°,v0,x" v!) =R(O)v! + R(O)E(X) + R(O)v’ x R(0)B(x") — R(0)(v" x B(x?)),
(28)
ay(0,x%, v, x!, v!) =R(—0)VE(x") [x' + R(0)v"] + (R(—@)VE(XO)VOH
+ (vl — R(—O)E(x") +v° x (- m(—e)B(XO))) X (R(—G)B(XO))
+ (E(XO)H +VO X B(X0>”) X m(—@)B(XO)
+v0 x R(—0) [((x1 + ROWO) - v)B(XO)}
+v0 x (VO” V) (R(—0)B(x")). (29)

Finally, the last step for finding equations and is achieved by integrating —
in 6 over [0,27]. Indeed, if (y°(¢),u’(t)) is the solution to problem (I8), then (y!(t), u'(t))
is solution to the problem

dyl B 1 2

~1 0,0 .1 .1 1
dat on 0 do _
at ~ax fy YYD y'(s) =0,
d 1 1 27
d—i:% i aL@,y?, u’,y', ul)ds, ul(s) = 0.

These integrations can be simply computed with a symbolic software, e.g., with Maple. By
an usual implementation of the operations with the matrices R(#) and R () and of the cross
product we obtain, for example, that

1 2w

o |, R(O)u’ x R(0)B(y") — R(0)(u’ x B(y?)) df = :11



and thus, integrating implies immediately the equation for y' in . The same
approach for integrating the terms in leads to the equation defined in —.
O

Remark 2.2. Using the first two terms in expansion and the results of Section
we obtain for small € the following approzimations of the solution (x(t),ve(t)) to problem

(1)

(i) at the zero-th order
04y — yO(t)
ga (t) - < R(t—s) O(t) > ) (30)

where (y°,u®) are given by (18),
(ii) at the first order

(;5) O(t)
(=2)u(t) x R(EZ2)B(y(1)) )} , (31)

where (y°,u’, y',u') are given by (18)-(19)-(20) and the rotation matrices R(-) and R(-)
are defined in .

Remark 2.3. Unlike the zero-order model, the first-order approrimation captures

e the additional force due to the term B, in the axial direction, that was alluded to in
Introduction. This force is visible at the slow scale of the parallel bounce.

o the electric drift E x Bq term in the equation for y' in which can be seen at the
slowest time scale.

Remark 2.4. The first-order system —— is source-free, meaning that in the
enlarged variable Y = (y°,u® y!, ul), the system writes under the form

dY
i F(Y) where F:R2 — R'? satisfies Vy - F = 0. (32)

Indeed, denoting the components of F' by Fyo, Fyo, Fy1, and Fy, it is easy to see that we
have

Vyo - Fyo = Vo - Fyo = Vg1 - Fyt = Vi - Fyt = 0.

Thus, by Liouwville’s theorem, the system —— conserves the volumes in the en-
larged phase space (y°,u’,y' ul).

10



3 The numerical approach

In this section we describe the time-stepping methods for solving the initial model in ,
the zero-order approximation model in , and the first-order model in ——.
Since the three systems are source-free, we use numerical methods which conserve the
volumes in the corresponding spaces, the so-called volume-preserving integrators (see [4]).
Following the approach in [I] (see also [6], [7]), we can derive simple and efficient volume-
preserving schemes of high order by, first, splitting the problem into several subproblems
and second, by compositions of the subproblems’ solvers. The advantage of the splitting is
that the subproblems can be solved analytically, unlike the initial problem. Additionally,
the specific form of the composition of the subsolvers ensures the time-symmetry property,
satisfied by the solution of the problem .

3.1 The volume-preserving schemes

First, we use standard volume-preserving integrators for solving and , then we
propose a volume-preserving method for solving ——. To this end, we introduce
the following notation. If for any positive integer n, the vector y; € R™ and the vector field
F:R" — R" are given, we consider the generic initial-value problem

dY
dt
Then, for any ¢t > 0 we denote by ¢(t) := Y (s +t), the solution at time s + ¢ starting from

the initial value ys; at time s. In this setting, we classically decompose the vector field of
equation as F'= Fy + F5 4+ F3, where

FY), Y(s)=ys (33)

(OF}

Fi(x,v) = < ((;3 >’F2(X’V) - < E(?jc) >’ and Fy(x, v) = v X CBo-i-B(X))

The solutions, denoted by ¢1, ¢2, @3, of the systems corresponding to Fy, Fa, F3 above
are easy to derive ([0 [7]). Then, if h is a time step, we consider the scheme defined by

Gh = G20 G2 0 G2y, where G i= @1(h/2) 0 @a(1/2) 0 p3(h) 0 ea(h/2) 0 1 (R/2), (34)

and where a = 1/(2—2'/3), 8 = 1 — 2a. This scheme is volume-preserving, time-symmetric
and approximates the solution of (1) to order 4 ([1]). Similarly, for the limit model in (L8),
we decompose the total field as F' = F} + F» with

0
¢ 0
R(y' ) =| 4 (}2,0) and Fy(y%,u’) = [ Ba(y*)u?
y —B.(y°)u)
0, y

Denoting by ¢1 and @2 the solutions of the associated systems (that will be derived in
Section when the field E is given by ), we can use as before, the four-order time-
stepping scheme

Gjy == G%), 0 G, 0 G2, where Gj :=p1(h/2) 0 pa(h) o p1(h/2). (35)

11



Next, we develop the numerical method for solving the first-order model ——.
This is done by means of a splitting scheme which preserves the volume in the enlarged
space introduced in Remark However, the issue of this approach is that the splitting
can be performed in various ways. This difficulty is accentuated when the total force field
is composed of a big number of terms.

Our choice of splitting is based on two facts: first, to be able to solve analytically the
subproblems and second, to mimic the structural difficulty of the original model; more
precisely, if B = 0 in equation (the case of an ideal Penning trap), the motion in the
e direction is decoupled from the motion in the perpendicular plane to €, (see [8]). Even
if this behaviour is not true when B # 0, we choose this property to split, as detailed
below. We thus consider the splitting method where the vector field F' introduced in (32)) is
splitted into four components. More precisely, we write F' = Z?Zl F;, where the functions
F; : R'?2 — R!? are defined by

u0 ©6 @6
o ul wWB, (v°) + ulB. (")
F(Y) := 0 (YY) = o)) + 02 , (36)
E.(y") 0 1 0
0 VE:(y") -y Ta(y”,u?)
8 @2 @2
(0
®é , E.(y°) + u)B.(y°) + u)B,(y°)
Ba(y')uz —E,(y°) + u?B.(y°) + u)B.(y°
rey= | SHO | R0 - e e N ANCT)
O B, (y")ul + ul VB,(y") -y + 7, (y", u’)
—B,(y)u,, —u) VB, (y°) - y' + 7.(y°, u?)

Y
and where J is given in . The differential equations corresponding to the vector field
Fy + F describe the evolution in time of (y%,u,yl ul), while those corresponding to
F3 + Fy describe the evolution of (y° ,u®,,y! ,ul|). Writing the initial-value problem in
for each (F)ie(1,... 4}, solutions of which are denoted by ¢;(t), we obtain from [I] the
following result.

Proposition 3.1. Let the vector field F' of the system —— be decomposed as

F = Z?Zl F;, where (F;); are given in —. Then, if h denotes a generic time step,
we construct the following time-stepping method

Gjy = G2, 0 Gy, 0 G2, where (38)

Gh = 1(h/2) 0 p2(h/2) 0 3(h/2) 0 pa(h) 0 p3(h/2) 0 p2(h/2) © 1 (h/2),(39)

and where o = 1/(2 — 2Y/3) and 8 = 1 — 2. This scheme is volume-preserving, time-
symmetric and approzimates the solution of —— to order 4.

Remark 3.2. Following [1], by compositions of low-order schemes we can build a time-
stteping method of arbitrarily even high-order. Howewver, for simplicity, in this work we
restricted to four-order schemes.

In the next section we give the analytic solutions of the initial-value problems associated to

(Fy); in (36)-(37), in the case of the electric field E in (2).
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3.2 The analytic solutions of the first-order subsystems

In this section we make further explicit the model in ——, by considering the
electric field given in , whereas the magnetic field B is kept general. In this case, we
have that the jacobian matrix of E and, for example, the electric term in simplify to

— 0 0 ¢ 0
VEx)=| 0 ¢/2 0 and Jg(y% u’) = 3 L
0 0 ¢/2 uf
respectively. In the sequel, we specify the initial-value problems corresponding to the fields
(Fy)i=1,..4 in (B6)-(37). First, by neglecting the equations of the components which are
constant in time, the equations for F; and F5 become

d [y o d [yl ul K,
dt<ug>‘<—cyg> and dt<u;>‘<—cy;>*(ku>’ (40)

ky == uyBy(y°) + ulB.(y°) and k, := T, (y", u’)

where

are constants in time thanks to the splitting approach. Second, by the same procedure, the
equations for F3 and F; become

vy 0 y
d / u° ru? d| yl 0 14
— — d z | = =1, (41
dt( u§ > < —ruf) > W@ ul rul +y' A, * my (41)
ui —rué — y1 A, ™My

where
ri= Bx(y0)7 Ay = uSVBi(y())v AZ = ungx(yO)’
by =E.(y") + u)B,(y") + ulB, ("), &= —Ey(y°) +u!B.(y") + ulB.(y"),
my = ffy(yo,uo) and m, = f];(yo’uo)

are constants in time. Equations — are easy to solve, their analytic solutions are
given below. For any time ¢ and any time step A > 0 we have the solutions of the systems

in :

YOO\ _ ( cos(vah) sin(veh)/ve | (vt —h)
<u%<t>> (—vmtn cos(yeh) )( %@ ) e
(o) = (oo oo™ ) Ol )+ ()

() - (2 ii:;i::iz; (DY
(36 ) =» (&)~ (k)
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while for deriving the formulas of ull/ and ul, we take into account that yl is constant and
yé and y! are given above. Thus, for some constants in time Ny, Nz, Dy, Pz, WE can rewrite
the differential equations in under the form

wla )= () () (0)

which solution is simple to compute.

N =S

Then, we implement these integrators, in the cases where the magnetic part B is given by

and by . In particular, all the terms in —— are explicit and the equations
are much simplified.

4 Numerical results. Application to Penning traps

In this section we detail the implementation of the numerical methods for the three models,
in order to illustrate the approximation properties previously described. First, we recall
that the starting test case is that of an ideal Penning trap [8], a device for storing charged
particles by means of an homogeneous magnetic field (the Bg/e term in ) and a static and
inhomogeneous quadrupole electric field, given by . In such a trap, a particle performs
three motions with characteristic frequencies: a modified cyclotron motion, at frequency
around 1/e, an axial motion, at frequency /¢, and a magnetron motion or the E x Bg drift,
at frequency around €.

We emphasize that in practice the magnetic field involves perturbations, described by the
term B in . The test cases of the magnetic field bottle and the asymmetric magnetic
field are classic for studying the problem of a realistic Penning trap. Below, we perform
numerical simulations by using the expressions in and of the perturbation term B,
as in [7]. We fixed the values ¢ = 2 for the electric field in and k = 4 for the amplitude
of the magnetic perturbation. Clearly, increasing k takes the particle further away from
the trajectory in an ideal Penning trap (see [7), Fig. 3]). Then, increasing the parameter ¢
makes both, the axial time period and the (large) magnetron period, smaller. Therefore,
when ¢ grows, the particle travels a greater distance in a fixed time interval.

In the following we consider the initial condition x = (1,0,1)%,v = (1,1,1)7. For the time
step of the reduced models, referred to in the sequel as the coarse time step, we need to
solve the period T, =~ 27 //c of the axial slow motion of the particle (see Fig. |3| for an
illustration). We took 9 points for solving this period which results in a coarse time step of
At = 0.5. As for the stiff model , we have to accurately resolve the smallest time scale and
therefore, we took the fine time step ot = 2me/40. However, when assessing the efficiency
of the numerical methods we also consider fine solvers using 10 or 20 points for solving the
cyclotron period. We recall that for the three models we use volume-preserving integrators
of order 4. From now on, we call (i) the numerical scheme that discretize equation the
fine integrator, (i7) the scheme for the first-order system in —- the L; integrator,
and (7i7) the scheme for the zero-order model in the Ly integrator.
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4.1 Numerical accuracy and efficiency of the first-order integrator

In the sequel, we define the relative error at time t, = nAt with respect to the fine solver
F of a reduced model integrator ¢ by

G ) — F ()]l
Brrltn) = "3

(42)

where || - ||1 stands for the ¢; norm in RS. First, we plot in Fig.[1] the time evolution of the
relative error defined in of the L integrator with respect to the fine one, until 7' = 10.
We observe, as expected, the property of smaller errors with smaller €. Then, we can see
that in small final times, of order 1, the first-order model is a very good approximation,
as the theory predicts, whereas, in larger times the quality of the approximation is not
preserved for all the values of e.

Next, we remark that the error of the L integrator is much smaller than that of the Lg
solver (see Fig. . The reasons are described in Remark To illustrate the first point
of this remark, we plot in Fig. [3] the evolution in time of the position and of the velocity
in the axial (e;) direction. We can see that the Lo integrator does not capture the correct
period of this motion, unlike the L, integrator.

Then, we also implemented an explicit Runge-Kutta scheme of order 4 for the reduced first-
order modeﬂ in order to pinpoint that such a scheme does not provide accurate results.
Indeed, it is known [4] that volume-preserving methods are preferred, in order to conserve
the geometric properties of the system. Typically, we first checked that the conservation in
time of the energy is respected for the volume-preserving method, unlike the RK integrator.
Moreover, in our cases, the quantities vz +v2 and x2 + v2 are not invariant in time but
slowly varying. Thus, we next verified that the volume-preserving integrator keeps these
quantities bounded in time, whereas the RK method spuriosly vanishes them (simulations
not shown here). In addition to the geometric invariants, the numerical error is known to
accumulate more slowly with the volume-preserving integrator. We checked this property,

in Fig. 2

Finally, we investigate the efficiency of the reduced models in terms of computation time,
only in the case of the magnetic bottle. With this aim, we first measure the simulation time
of three fine solvers together with their corresponding accuracy. More precisely, we compute
the relative error of a fine solver against a very fine solution, called hereafter the reference
solution, since an analytic one is not available for the system ——. We define the
reference solution as the one computed with time step 27e/400. Second, we compute the
run time of the Ly and Lq solvers. We report the outcomes of these simulations in Tab.
The last line of the table corresponds to the integer number of the fine time steps in one
coarse time step, which is the theoretical gain of a reduced model over the stiff one. The
measured time ratios reported in lines 4 and 5 are clearly smaller than the theoretical ones,
since
Time(At(Ly)) > Time(At(Lg)) > Time(dt(fine solver)),

2In the illustrations we call this method the RK L; integrator.
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relative error

where we denoted by Time(dt(S8)) the computation time of one time step of a solver S§.
These inequalities hold because of the much simpler form of the equation in the stiff model
when compared to the reduced one. In addition, the number of stages in the numerical
algorithm of the L, integrator is larger than the one in the Lg integrator.

The results in Tab. [I|show that the L integrator is 48 times faster than the fine integrator
of the initial stiff model with € = 1072, in the case of a target relative error of the fine solver
of 1073 for the final time T' = 80. If an accuracy of order 107 is aimed for the stiff solution
with ¢ = 1073, the gain factor of the first-order model is 1739. Note that the L¢ integrator
is clearly slightly faster than the L integrator, but it provides a much lower accuracy, as
shown at the beginning of this section.

0.09 T T T 0.25 T T T
0.08 - €=0.01 —o— €=0.01 —o—
) €=0.005 €=0.005
0.07 |- €=0.001 0.2 )
0081 2 0.15

L (] . B
0.05 o
0.04 - (:E 01 i
0.03 - o
0.02 - 0.05 7
0.01 - ~

o—e—Ff-o . eF
0 i % i 1 | | | | 0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9
time time

Figure 1: The relative error of the first-order model, for several values of €. Left: The
magnetic bottle case, Right: The asymmetric magnetic field case.

4.2 Parareal long-time simulations

In the previous section, we observed that the first-order model provides a good approxima-
tion in short times, of order 10 at most. However, the accuracy of this approximation is
lost in large times, of order 1/e. Thus, we can see in Fig. [4] that for the largest values of ¢,
the first-order model is not reliable anymore at time 7" = 80, which corresponds to a large
fraction of the magnetron cycle.

To overcome this issue, we next show that within the Parareal framework [II], we can
retrieve accurate approximation in large times. In the following, we briefly recall the
Parareal algorithm in the framework of the initial-value problem to be solved over
the interval [0,7]. We decompose this interval into N uniform time intervals [T}, T}, +1]
for n € {0,...,N — 1}. Let F(Ty41,Tn,Uy) denote the value of a fine solver providing an
accurate approximation of the solution of at time 7}, 1 with the initial condition U, at
time T,,. Let GQ(Ty41,Tn,Uy) denote the value of a coarse solver providing a less accurate
approximation to the same solution. In our framework, the computational cost of the &F
term is relatively high since its time step is constrained by the small parameter €, while the
@ solver should be chosen such that its cost is much lower that the one of the fine solver.
Following the strategy introduced in [3], which goes back to [12], we use the first-order
reduced model for the coarse solving. Thus, the Parareal algorithm consists in computing a
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Figure 2: Volume-preserving vs. Runge-Kutta 4 methods and first-order vs. zero-order

models, for two values of ¢.
magnetic field case.
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Figure 3: The time evolution of the position and velocity

magnetic bottle case, for ¢ = 0.01.

Top: The magnetic bottle case, Bottom: The asymmetric
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10

in the axial direction in the

sequence (UF),,  of approximations of (x.,v.)(T},) for every k € {0,1,...} in the following
way: the initial approximation (U?), is computed sequentially using the coarse solver

vne{0,...,N -1} Uly = G(Ths1,Tn,UY), with UJ = (x,V)
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relative error

Nb. of points in P = 2we 10 20 40
Error(fine solver) 4.2543-1073 | 2.816-10~* | 1.77-107°
Time(fine solver) in sec. 1.26-1072 | 2.37-1072 | 4.79-1072
Time(fine solver)/Time(Lq solver) 60.0 122.0 234.7
Time(fine solver)/Time(L; solver) 47.9 93.6 178.7
Upper bound of
Time(fine solver)/Time(reduced solver) 79 157 314
Nb. of points in P = 27e 10 20 40
Error(fine solver) 4.5956 - 10~* | 2.989-107° | 1.89-10~°
Time(fine solver) in sec. 1.20-10"1 | 2.35-107! [ 4.71-1071
Time(fine solver)/Time(Lg solver) 546.1 1203.1 2310.3
Time(fine solver)/Time(L; solver) 486.2 916.4 1739.2
Upper bound of
Time(fine solver)/Time(reduced solver) 786 1571 3143

Table 1: The computation time ratios between the reduced and the fine integrators vs. the
error of the fine integrator at the final time 7" = 80. The time step of the reduced model
is At ~ 0.5. The case of the magnetic bottle with ¢ = 0.01 (top panel) and with ¢ = 0.001
(bottom panel).
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Figure 4: The relative error of the first-order model, for several values of ¢, in long time.
Left: The magnetic bottle case, Right: The asymmetric magnetic field case.

and then, for all £ = 0,1, ..., the sequence (Uf:f)nk is updated by

Uk:—}—l

M = QD1 T USTY) + F (T, Ty UF) = G(Tr, T UR) ¥n€ {0,...,N—1}, (44)

starting from U™ = (x,v). In this iteration, the terms F(Ty11, Ty, UF) have the most

significant computational cost, and therefore they have to be computed in parallel over the
number N of time windows. In this setting, the Parareal efficiency mainly depends on the
number of iterations, which should be significantly smaller than N, and on the cost ratio
between the coarse and the fine solvers [13].
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In the following, we recall that we denote the coarse time step by At = T/N and we
compute the relative error between the Parareal numerical approximation UF obtained at
the k-th iteration and the reference numerical solution §(t,,), in L>°([0,77]) as a function of
the number k of Parareal iterations

1T = S(ta)lx

Error(k) —
rror (k) ety 1S

(45)
The criterion for stopping the Parareal iterations is when the error of the algorithm is
smaller than that of the fine solver.

The first numerical experiments tackle the use of the Lg integrator for the coarse prop-

agator in the Parareal method. We performed simulations in the case € = 0.01 for both ex-
pressions of magnetic field, over four time intervals with 7" € {10, 20,40, 80} and with a fixed
coarse time step At &~ 0.5. Thus, the number of time windows varies in N € {20, 41, 81, 162}.
The simulations (not shown here) demonstrate in both test cases and for each value of N
that the relative error of the Parareal algorithm is large for almost all the N iterations and
becomes small enough at the iteration N — 1 or N. Therefore, this Parareal strategy does
not allow to reduce the simulation time and makes the use of the limit model for the coarse
solving ineffective. These results are justified by the inaccuracy of the limit model.
Thus, we pursue the approach by using the first-order model for the coarse solver. The first
numerical illustration concerns the behaviour of the Parareal errors in in short-time
simulations, when the parameter ¢ decreases. We consider the fine solver with 20 points
for the smallest time scale, which is a trade-off between computation time and providing
small enough error (see also the speedup analysis below). The final time is " = 1000e
corresponding to approximately 159 cyclotron periods for every €. We display in Fig. |5 the
evolution of these errors in log-scale, consistently decreasing with decreasing e.

We now show the outcome of the more challenging long time simulations. We fix ¢ = 0.01
for which the first-order model gave the worst approximation in long time. As before, we
keep the coarse time step fixed to At = 0.5 while the final time is gradually increased,
T € {10,20,40,80}. The error in the log-scale of the Parareal method is displayed in Fig. |§|
for both test cases. For example, in the simulations until 7" = 80 the target error is attained
in only 8 Parareal iterations, when the number of time windows is N = 162.

Finally, we analyse the efficiency of the Parareal algorithm in terms of ideal speedup. To
this end, we denote by 7T, the measured run time of the coarse solver over the total time
interval [0,7] and by Ty the same run time for the fine solver. Then, the formula of the
ideal speedup corresponding to perform the computation of the fine solver in parallel over

N processors is known [13]:

S(N) = ! (46)

1+Kﬂ+K
( )ﬁ N

where K is the number of iterations after which the error of the Parareal algorithm with
respect to the reference solution is smaller than that of the fine solver. We thus report in
Tables [2| and [3| the speedup of the algorithm together with the number of iterations required
to achieve the target accuracy, for three fine solvers. First, we point out that, for a fixed
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precision, the error of the fine solver is larger in the case of the magnetic perturbation
given by than that obtained with (3]), consistently with the work in [7]. In addition, we
emphasize that the accuracy of the fine solver given by 10 points for solving the cyclotron
period is quite low for the second case. Then, we remark in both cases of magnetic field
the very good speedup numbers when € = 0.001, which are due to the high accuracy of
the first-order model that allows the Parareal method to converge in a few iterations. In
the case of ¢ = 0.01 the reduced model is not accurate at time 7' = 80 (recall Fig. [4)) and
therefore, more iterations are needed for convergence.

5 Conclusion

The main goal of this work was to derive a first-order reduced model to approach the solution
of a stiff Newton-Lorentz equation modeling the dynamics of a particle in a realistic Penning
trap, where an inhomogeneous magnetic perturbation is added to a strong constant homo-
geneous magnetic field. For the numerical solution, we implemented a volume-preserving
method with a specific splitting technique. Then, an accuracy and efficiency analysis of
the reduced models was conducted in comparison with the original model. The first-order
model turned out to be effective in approximating the stiff problem, whereas the zero-
th-order model did not bring a substantial information. Next, we implemented a specific
version of the Parareal algorithm in order to perform accurate and robust simulations in
long time. Finally, we analysed the numerical convergence and the speedup of the Parareal
method in the context of two realistic magnetic perturbations.

Despite its complicated form, the first-order model has the potential to show how pertur-
bation terms are interacting in long scales without the necessity of solving the smallest
scale. As an alternative to a long numerical procedure, a theoretical investigation about
the rate of convergence and the time validity of such an approximation would be interesting
to undertake. In addition, such an analysis could be integrated in the Parareal approach
in order to understand the efficient convergence of the Parareal algorithm over any time
interval. Indeed, taking into account the favorable cost ratios between the first-order and
the fine solvers, the Parareal algorithm turns out to be an effective method to perform very
long simulations of stiff equations as those addressed in this work.

Acknowledgement: The work of the author was supported by ANR MUFFIN (ANR-19-
CE46-0004).

References

[1] K. Feng and Z-J. Shang. Volume-preserving algorithms for source-free dynamical sys-
tems. Numerische Mathematik, 71:451-463, 1995.

[2] E. Frénod. Application of the averaging method to the gyrokinetic plasma. Asymptotic
Analysis, 46:1-28, 2006.

20



Nb. of points in P = 27e 10 20 40
Error(fine solver) 4.2543-1073 | 2.816-10~* | 1.77-107°
Nb. of Parareal iterations 7 8 8
Speedup 4.8 6.7 10.0
Nb. of points in P = 27e 10 20 40
Error(fine solver) 4.5956 - 10~ | 2.989-107° | 1.89-107°
Nb. of Parareal iterations 2 3 4
Speedup 47.7 43.4 36.0

Table 2: Speedup of the Parareal algorithm using the L integrator with At = 0.5 for the
coarse solving, for three fine solvers, at the final time 7" = 80. The case of the magnetic
bottle with € = 0.01 at the top and with € = 0.001 at the bottom.

Nb. of points in P = 27e 10 20 40
Error(fine solver) 5.4676-10~1 | 3.620- 1072 | 2.29- 1073

Nb. of Parareal iterations 7 8 10
Speedup 4.7 6.7 8.1

Nb. of points in P = 27e 10 20 40

Error(fine solver) 3.900-1072 | 2.57-107% | 1.6-10~%

Nb. of Parareal iterations 1 1 2

Speedup 92.1 116.2 70.1

Table 3: Speedup of the Parareal algorithm using the L integrator with At ~ 0.5 for the
coarse solving, for three fine solvers, at the final time T" = 80. The case of the asymmetric
magnetic field with e = 0.01 at the top and with ¢ = 0.001 at the bottom.

21



At=0.5, T=1000¢ At=0.5, T=1000€

1x101 T T
€=0.01, N=20 —e— €=0.01, N=20 —e—
€=0.005, N=10 1x10'1 €=0.005, N=10 4
1x10°2 L £=0.001, N=2 £=0.001, N=2
i 1x102 b
S 1x10° 5
= = -3 L
5 5 1x10° ¢
2 vaot 2
B B 1x104 | =
& paos ::
1x10° & 4 13105 L ]
-6 | -
1x10 1x10°6 L ]
1x1077 . . 1x1077 . .
0 1 2 3 0 1 2 3
Parareal iterations Parareal iterations

Figure 5: Convergence of the Parareal algorithm in short time simulations. The fine time
step is 2me/20. Left: The magnetic bottle case, Right: The asymmetric magnetic field case.

At=0.5, £=0.01 At=0.5, £=0.01
T T
1x10° [ T=10; N=20 —e— | T=10; N=20 —e—
T=20; N=41 E //"*f———\,%\ T=20; N=41
T=40; N=81 1 1x10° 1 - T=40; N=81 i
1x101 T=80; N=162 —=— ] E _aT=80;N=162 —=—
x10™ ¢ E| F -
IS S
= £ 1x10? ¢
O 1x10? F 3 o 4
(] E (0]
= = b
S =
< 3 8 1x102 =
O 1x10°3 | < [} E
14 E 14 F
— [
-3 -
1x104 b . 1x10 E
1)(10-5 | | | ] 1)(10-4 1 1 1
0 2 4 6 8 0 2 4 6 8
Parareal iterations Parareal iterations

Figure 6: Convergence of the Parareal algorithm in long time simulations. The fine time
step is 2me/20. Left: The magnetic bottle case, Right: The asymmetric magnetic field case.

[3] L. Grigori, S. A. Hirstoaga, V.-T. Nguyen, and J. Salomon. Reduced model-based
parareal simulations of oscillatory singularly perturbed ordinary differential equations.
Journal of Computational Physics, 436:110282, 2021.

[4] E. Hairer, C. Lubich, and G. Wanner. Geometric Numerical Integration: Structure-
Preserving Algorithms for Ordinary Differential Equations. 2nd Edition, Springer,
Berlin, 2006.

[5] T. Haut and B. Wingate. An asymptotic parallel-in-time method for highly oscillatory
PDEs. SIAM Journal on Scientific Computing, 36(2):A693-A713, 2014.

[6] Y. He, Y. Sun, J. Liu, and H. Qin. Volume-preserving algorithms for charged particle
dynamics. Journal of Computational Physics, 281:135-147, 2015.

22



[7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

C. Knapp, A. Kendl, A. Koskela, and A. Ostermann. Splitting methods for time
integration of trajectories in combined electric and magnetic fields. Physical Review FE,
92(6):063310, 2015.

M. Kretzschmar. Particle motion in a Penning trap. FEuropean Journal of Physics,
12(5):240, 1991.

F. Legoll, T. Lelievre, and G. Samaey. A micro-macro parareal algorithm: application
to singularly perturbed ordinary differential equations. SIAM Journal on Scientific
Computing, 35(4):A1951-A1986, 2013.

X. Li and B. Wang. Long term analysis of splitting methods for charged-particle
dynamics. Applied Mathematics and Computation, 441:127682, 2023.

J.-L. Lions, Y. Maday, and G. Turinici. A ”parareal” in time discretization of PDE’s.
Comptes Rendus de I’Académie des Sciences - Series I - Mathematics, 332:661-668,
2001.

Y. Maday. Parareal in time algorithm for kinetic systems based on model reduction.
High-dimensional partial differential equations in science and engineering, CRM Proc.
Lecture Notes, 41:183-194, 2007.

M. L. Minion. A hybrid parareal spectral deferred corrections method. Communications
in Applied Mathematics and Computational Science, 5(2):265-301, 2010.

A. G. Peddle, T. Haut, and B. Wingate. Parareal convergence for oscillatory pdes with
finite time-scale separation. SIAM Journal on Scientific Computing, 41(6):A3476—
A3497, 2019.

C. C. Rodegheri, K. Blaum, H. Kracke, S. Kreim, A. Mooser, W. Quint, S. Ulmer, and
J. Walz. An experiment for the direct determination of the g-factor of a single proton
in a Penning trap. New Journal of Physics, 14(6):063011, 2012.

M. Vogel. Particle Confinement in Penning Traps, volume 100. Springer, 2018.

B. Wang and X. Zhao. Error estimates of some splitting schemes for charged-
particle dynamics under strong magnetic field. SIAM Journal on Numerical Analysis,
59(4):2075-2105, 2021.

23



